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Body	mass Testes	mass Ovary	mass Testosterone Leptin Prolactin Estradiol Coat	Color
P.	campbelli ↓	(25%) ↓	(90%) ↓	(30%) No	change No	change No	change No	change Lighten	to	white*












































































































































and	 skin	was	 sampled.	 Sampling	was	 conducted	 at	 0,	 1,	 4,	 8,	 and	 14	weeks	 on	 SD	 for	P.	
campbelli,	P.	sungorus,	and	F1	hybrids.	Backcrosses	were	sampled	at	0,	3,	6,	9,	12,	15	weeks	
on	SD	and	skin	was	removed	only	on	week	15.	
































































































Figure	 3.	 Categorical	 color	 value	 over	 the	 timeline	 of	 the	 molt	 for	 all	 individuals	 of	 all	
genotypes.	P.	 campbelli	 (brown),	P.	 sungorus	 (blue),	 F1	 hybrids	 (green),	 backcross	 hybrids	
(purple).	
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Figure	 5.	 Reflectance	 measures	 showing	 significant	 differences	 over	 week	 and	 between	

















































































































Avg litter	size Avg number of	days	crossed Avg number	of	offspring	per	days	crossed
F1	x	P.	sun.	“gold” 1.52 102 0.31
F1	x	P.	sun. 1.78 95 0.34
F1	x	P.	cam. 4.00 61 2.36
P.	cam.	x	P.	cam. 4.55 102 0.89
P.	sun.	“gold”	x	P.	sun.	“gold” 3.55 107 2.12
P.	sun.	x	P.	sun. 5.63 66 0.68
Total	crossed Total	females	with	a	pregnancy Total	litters Total	offspring
F1	x	P.	sun.	“gold” 20 11 21 32
F1	x		P.	sun. 7 7 18 32
F1	x	P.	cam. 28 28 36 144
P.	cam.	x	P.	cam. 5 5 20 91
P.	sun.	“gold”	x	P.	sun.	“gold”	 26 26 64 227
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Table	 1.	 Summary	of	de	 novo	 transcriptome	parameters	before	and	after	 RBBH	 filtering	and	
annotation.	Parameters	are	reported	for	longest	isoform	per	gene	in	assembly.	
P. campbelli P.	sungorus P.	campbelli P.	sungorus
Components/Genes 189406 199333 13985 14040
Transcripts 220045 230668 14823 14823
N50 886 927 3319 3260
Median Contig Length 336 332 2178 2152
Mean	Contig Length 618.79 621.85 2574.72 2537.38





























































2310683 521026 1789657 1729812 0.57 0.51
1661627 523068 1138559 1086750 0.60 0.51
2064486 458223 1606263 1549040 0.57 0.51
1441499 324335 1117164 1153672 0.56 0.49
2630617 669256 1961361 2044214 0.56 0.49
1687161 588909 1098252 1087864 0.61 0.50
1610865 392407 1218458 1235270 0.57 0.50
322364 74166 248198 246518 0.57 0.50
742402 203733 538669 522102 0.59 0.51
1352312 289692 1062620 1074756 0.56 0.50
1786584 420199 1366385 1349129 0.57 0.50
1921605 777222 1144383 1148365 0.63 0.50
1941251 659502 1281749 1282684 0.60 0.50
3488701 1036889 2451812 2513184 0.58 0.49
2003208 574298 1428910 1403962 0.59 0.50
1318117 279101 1039016 1031963 0.56 0.50
3474149 870951 2603198 2569706 0.57 0.50
2842842 813673 2029169 2079578 0.58 0.49
1634728 333398 1301330 1310304 0.56 0.50
1439913 375008 1064905 1017664 0.59 0.51
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Dispersion 0.07552 0.0714 0.09507


























































































































































































































































































































































































P.	cam	vs	P.	sun P.	campbelli P.	sungorus F1	Hybrid P.	cam	vs	F1 P.	sun	vs	F1












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure	 7.	 Venn	 diagrams	 comparing	 differentially	 expressed	 genes	 in	 (A)	

































Sun	0v1 Sun	 v4 Sun	 v8 Sun	8 14

































P.	campbelli	 	 	 	
Enrichment	group	 Enrichment	score	 Summary	term	 Enrichment	terms	
1	 3.849	 Metabolism	 Retinol	binding	
	 	 	 Retinol	metabolic	process	
	 	 	 	
	 	 	 	
P.	sungorus	 	 	 	
Enrichment	group	 Enrichment	score	 Summary	term	 Enrichment	terms	
1	 8.236	 Cell	cycle	 Cell	division	
	 	 	 Mitotic	nuclear	division	
	 	 	 Chromosome	segregation	
	 	 	 Kinetichore	
	 	 	 	
2	 4.538	 Melanogenesis	 Melanosome	membrane	
	 	 	 Melanin	biosynthetic	process	
	 	 	 Developmental	pigmentation	
	 	 	 Pigmentation	
	 	 	 	
3	 4.345	 Melanogenesis/Cell	cycle	 Melanosome	membrane	
	 	 	 Melanosome	





























































Figure	 8.	 (A)	 Number	 of	 differentially	 expressed	 genes	 and	 (B)	 spearman	 correlations	 in	
expression	for	all	genes	at	each	time	point	between	P.	campbelli	and	F1	hybrids	(triangles),	P.	
sungorus	and	F1	hybrids	(squares),	and	P.	campbelli	and	P.	sungorus	(circles).	
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and	F1	hybrids.	This	is	an	interesting	result	because	it	confirms	phenotypic	similarities	between	
P.	campbelli	and	F1	hybrids	that	was	discussed	in	Chapter	1.	Spearman	rho	correlations	for	
genotype	differential	expressed	genes	in	contrasts	between	parental	species	and	F1	hybrids	
show	similar	patterns	as	the	number	of	differentially	expressed	genes.	In	addition,	rho	values	at	
week	14	between	parental	genotype	differential	expression	and	P.	sungorus	vs	F1	genotype	
differential	expression	are	much	more	similar	than	the	value	for	P.	campbelli	vs	F1	genotype	
differential	expression.	
	
Discussion		
P.	campbelli	and	P.	sungorus	both	exhibit	phenology	that	is	induced	by	the	reduction	in	
daily	photoperiod	(Bilbo	et	al.	2003,	Timonin	et	al.	2006).	At	this	point,	there	is	extensive	work	
detailing	the	physiological	and	cellular	regulation	of	seasonal	coat	color	change	in	P.	sungorus,	
but	there	is	a	poor	understanding	of	the	genetic	basis	for	or	molecular	regulation	of	this	novel	
and	likely	adaptive	trait	(Mills	et	al.	2013,	Zimova	et	al.	2016).	In	fact,	this	is	the	first	study	to	
attempt	to	understand	the	regulatory	basis	of	seasonal	coat	color	change	in	an	interspecific	
comparative	framework.	There	were	three	main	goals	of	this	chapter:	First,	characterize	
differential	expression	along	the	molt	timeline	for	the	two	species	using	RNA-seq.	Second,	also	
using	transcriptomic	data,	assess	whether	regulatory	differences	between	the	species	and	
whether	large	regulatory	divergence	precludes	this	system	from	being	used	in	a	comparative	
framework.	to	characterize	differential	gene	expression	along	the	molt	timeline	for	P.	
campbelli,	P.	sungorus,	and	F1	hybrids.	Differential	expression	in	these	contrasts	are	defined	as	
temporal	differential	expression.	Temporal	differential	expression	will	offer	insight	into	how	
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phenology	is	regulated	in	each	species.	Finally,	we	also	sought	to	measure	differential	
expression	in	F1s	and	assess	how	divergent	expression	profiles	in	the	two	species	behave	in	the	
same	individual.	Differential	expression	in	these	contrasts	are	defined	as	genotype	differential	
expression.	Genotype	differential	expression	for	contrasts	involving	the	F1	hybrids	will	suggest	
how	the	two	parental	species	haplotypes	behave	in	the	same	individual,	further	elucidating	the	
regulatory	nature	of	seasonal	coat	color	change	and	phenology.	Below,	I	discuss	insights	from	
the	three	aims	listed	above	and	how	our	results	inform	the	broader	understanding	of	the	
evolution	of	seasonally	flexible	phenotypes.		
	
Overall	Transcriptomic	Patterns	
	 To	generate	reference	transcriptomes	and	measure	expression	I	used	a	rigorous	
approach	designed	to	remove	biases	and	promote	comparisons	between	the	two	parental	
dwarf	hamster	species.	I	first	examined	overall	patterns	of	expression	in	the	three	
transcriptomes	(P.	campbelli,	P.	sungorus,	and	F1	hybrids).	Using	MDS	plots,	I	attempted	to	
elucidate	patterns	associated	with	phenology	within	each	transcriptome	and	make	distinctions	
between	the	three	molt	timelines.	These	plots	showed	clear	distinct	clustering	for	the	three	
genotypes	on	dimension	two,	but	the	distribution	of	samples	along	dimension	one	did	not	
appear	to	be	associated	with	time	point	or	reflect	a	simple	signal	of	phenology.	Since	there	was	
no	overall	phenology	signal	with	all	samples,	I	attempted	to	systematically	recover	a	pattern	
associated	with	time	point	by	generating	MDS	plots	for	each	genotype	separately.	However,	
this	also	did	not	produce	a	distribution	of	samples	by	time	point	on	either	dimension	one	or	
dimension	two.	During	RNA	extraction	and	cDNA	library	preparation,	I	stratified	samples	across	
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four	batches	so	that	there	was	no	close	association	between	batch	and	time	point	or	genotype.	
While	this	approach	ensures	against	type	1	error	and	that	that	batch	will	not	drive	patterns	that	
appear	to	be	associated	with	time	or	genotype,	distributing	samples	in	this	way	can	interrupt	
signals	of	treatment	in	an	experiment.	Effects	due	to	extraction	and	library	preparation	batches	
may	have	disrupted	the	signal	of	a	developmental	timeline	in	our	dataset,	so	to	test	this	the	
same	MDS	plots	were	generated	with	sample	points	colored	according	to	batch	number.	
Sample	points	did	not	cluster	based	on	batch	number,	thus	this	approach	did	not	indicate	that	
batch	effect	disrupted	clear	patterns	of	phenology	in	the	MDS	plots.		
	
Molt	Phenology	
	 Neither	the	MDS	plots	nor	clustering	samples	based	on	transcript	expression	by	
Euclidean	distance	using	heat	maps	indicated	a	strong	signal	of	phenology	for	P.	campbelli,	P.	
sungorus,	or	F1	hybrids.	In	other	words,	these	results	indicated	that	there	is	not	a	strong	signal	
of	induction	of	large	groups	of	genes	during	the	molt,	regardless	of	whether	it	is	a	species	that	
has	a	white	winter	coat	or	not.	This	was	surprising	considering	that	we	found	clear	changes	in	
coat	color	in	P.	sungorus	and	extensive	work	shows	evidence	of	phenology	throughout	the	
organism	in	both	P.	campbelli	and	P.	sungorus	(Stullken	and	Hiestand	1953,	Heldmaier	and	
Steinlechner	1981,	Bockler	and	Heldmaier	1983,	Russel	and	Tumlinson	1996,	Bilbo	et	al.	2003,	
Timonin	et	al.	2006).		
BCV	for	biological	replicates	within	each	genotype	was	slightly	higher	than	the	
expectation	for	genetically	identical	replicates.	However,	biological	replicates	were	sourced	
from	our	outbred	colony	and	individuals	are	closely	related,	but	not	genetically	identical	so	the	
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elevated	level	of	variation	between	biological	replicates	in	our	experiment	this	is	not	a	concern.	
This	variation	between	biological	replicates	may	introduce	too	much	noise	between	replicates	
and	make	it	difficult	to	identify	time	points	of	differential	gene	expression	that	reflect	induction	
of	phenology	in	the	phenotype.	Furthermore,	it	was	shown	in	P.	sungorus	that	seasonal	molting	
is	a	continuous	and	mosaic	process	(Kuhlmann	et	al.	2003),	which	may	have	introduced	
variance	into	our	measure	of	gene	expression.	Paul	et	al.	(2007)	corroborated	that	P.	sungorus	
continuously	molts,	but	added	that	reduced	photoperiod	results	in	increased	rate	and	density	
of	fur	regrowth	compared	to	that	in	long	day	conditions.	This	work	suggests	that	although	P.	
sungorus	exhibits	a	continuous	molt,	rate	of	hair	regrowth	and	hair	density	is	a	seasonal	
component	of	the	molting	process.	Furthermore,	Paul	et	al.	(2007)	also	argued	in	line	with	
Kuhlmann	et	al.	(2003)	that	there	may	be	a	limited	photorefractory	synchrony	between	
individuals	during	photoperiod	changes.	Both	of	these	studies	indicate	that	there	may	be	
appreciable	variation	in	molting	rate	and	photoresponsiveness	between	individuals.	We	
implemented	a	highly-controlled	and	replicated	sampling	schema	to	exclude	any	additional	
variation	into	our	measures	of	expression.	However,	given	the	continuous	and	mosaic	nature	of	
the	Phodopus	molt,	even	though	I	sampled	biological	replicates	at	the	same	location	and	at	the	
same	time	point	I	may	have	not	captured	skin	cells	at	the	same	point	in	anagen	among	
replicates.	This	character	of	the	molt	would	likely	introduce	more	variation	in	gene	expression	
counts	than	in	our	phenotype	measurements	because	hair	follicles	across	the	organism	are	
incredible	dense	variability	in	hair	follicle	activity	would	be	dampened	at	the	hair	phenotype	
level.		
	 The	continuous	molt	in	P.	sungorus	may	be	a	bit	unique	among	molting	organisms	(Ling	
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1970).	Previous	work	demonstrates	that	molt	is	seasonally	coordinated	based	on	
environmental	or	physiological	cues	in	snowshoe	hares	(Mills	et	al.	2013,	Ferreira	et	al.	in	
review),	birds	(Gonzalez-Gurriaran	et	al.	1995,	Dawson	et	al.	2001),	arthropods	(Gates	et	al.	
1993),	and	sheep	(Lincoln	et	al.	2006)	rather	than	continuous	throughout	the	year.	While,	
continous	versus	seasonal	molting	cycles	has	not	been	tested	across	most	biodiversity,	there	
appears	to	be	strong	indication	that	many	species	and	most	mammals	molt	seasonally	instead	
of	continuously.	
	 P.	campbelli	shows	less	temporal	differential	expression	than	P.	sungorus	and	in	P.	
sungorus	the	greatest	amount	of	temporal	differential	expression	is	between	week	8	and	week	
14.	Since	we	see	a	clear	induction	of	the	winter	coat	color	phenotype	in	P.	sungorus	around	
week	4	(see	Chapter	1),	the	expectation	would	be	to	see	temporal	differential	expression	
before	or	during	that	phenotype	induction	period.	Instead,	our	data	indicate	that	the	largest	
change	in	expression	is	between	week	8	and	week	14,	which	is	probably	associated	with	a	
transition	from	most	hairs	in	the	anagen	phase,	or	hair	growth	phase,	to	telogen,	the	more	
transcriptionally	quiescent	hair	follicle	phase	(Botchkarev	and	Kishimoto	2003,	Schlake	et	al.	
2003,	Lin	et	al.	2004,	Geyfman	et	al.	2015).	However,	that	justification	still	does	not	explain	
consistently	low	temporal	differential	expression	between	time	points	in	P.	campbelli.	
Contrasting	overall	temporal	differentially	expressed	genes	between	the	two	species	reveal	
that	only	41	genes	are	both	temporally	differentially	expressed	in	both	species.	Considering	the	
apparent	shared	phenologies	between	these	two	species	(Bilbo	et	al.	2003,	Timonin	et	al.	
2006),	more	genes	may	be	expected	to	fall	into	this	category	than	what	was	found	in	this	
experiment.	Although	my	quantitative	genetic	data	in	Chapter	1	suggests	that	changes	in	only	a	
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few	genes	allows	for	evolution	of	seasonal	coat	color	change,	our	differential	expression	
analysis	detected	many	more	genes	that	are	associated	with	general	molt	and	skin	
reorganization	processes	and	not	just	pigment	production.	
	 Gene	ontology	(GO)	enrichment	analysis	for	temporal	differential	expression	in	each	
parental	species	did	confirm	some	expectations	based	on	the	expression	patterns.	There	was	
generally	poor	enrichment	for	ontology	terms	in	P.	campbelli,	which	may	be	related	to	the	lack	
of	temporal	differential	expression.	GO	terms	were	all	related	to	retinol	binding	and	retinol	
metabolism.	Temporal	differentially	expressed	genes	in	P.	sungorus	showed	greater	enriched	
for	various	pathways	and/or	biological	processes.	The	most	significant	enrichment	group	was	
associated	with	cell	cycle	processes	and	specifically	cell	division,	mitotic	nuclear	division,	
chromosome	segregation,	and	kinetochore	development.	The	other	two	most	significant	
enrichment	groups	were	associated	with	melanogenesis.	We	expected	the	general	patterns	of	
enrichment	discovered	in	the	GO	analysis.	Although	P.	sungorus	molt	is	not	entirely	seasonal,	
this	species	does	become	less	active	during	the	winter	months	(Puchalski	and	Lynch	1986,	Elliot	
et	al.	1987),	which	may	include	reduced	hair	regrowth.	Geyfman	et	al.	(2015)	argues	that	the	
telogen	stage	in	hair	growth	is	most	energy-efficient	state	of	the	hair	growth	cycle	and	based	
on	winter	reduction	in	other	energetic	expenditures,	most	hair	follicles	are	probably	in	telogen	
at	the	end	of	the	molt	to	the	winter	pelage	in	P.	sungorus.	GO	enrichment	in	P.	sungorus	is	
unsurprising	considering	the	largest	change	in	temporal	differential	expression	was	at	the	end	
of	the	molt	cycle	when	transcriptional	activity	decreases	as	hair	follicles	enter	telogen	phase.		
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Divergence	in	Transcriptome	Phenology	Between	Species	
	 Comparisons	between	the	overall	timelines	between	P.	campbelli	and	P.	sungorus	
indicate	that	there	may	be	divergence	in	the	fall	molt	of	these	two	species.	Specifically,	there	
was	no	overlap	of	temporal	differentially	expressed	genes	at	consecutive	time	points	between	
P.	campbelli	and	P.	sungorus.	Additionally,	only	41	genes	were	found	to	be	temporal	
differentially	expressed	across	the	entire	molt	between	the	two	parental	species.	To	further	
investigate	the	possibility	of	divergent	phenologies	we	identified	genotype	differentially	
expressed	genes.	To	do	this,	I	measured	differential	expression	between	the	species	or	
between	each	species	and	F1	hybrids	along	the	molt	at	each	time	point.	Compared	to	genotype	
contrasts	including	F1	hybrids,	genotype	differential	expression	between	the	species	was	much	
greater.	Also,	there	was	lower	correlation	in	overall	expression	between	the	species	than	there	
was	with	the	F1	and	either	species.		
Based	on	the	literature,	P.	campbelli	and	P.	sungorus	are	closely	related	(Brekke	et	al.	
2016)	and	exhibit	similar	phenology	(Bilbo	et	al.	2003,	Timonin	et	al.	2006).	Therefore,	our	a	
priori	expectation	would	be	that	these	two	species	exhibit	similar	temporal	differential	
expression	profiles.	Furthermore,	based	on	this	line	of	reasoning	we	would	expect	there	to	be	
little	differential	expression	between	the	two	species	at	any	given	time	point.	A	large	network	
of	genes	control	hair	growth	(Botchkarev	and	Kishimoto	2003,	Schlake	et	al.	2004,	Kawano	et	al.	
2005)	and	as	far	as	we	are	aware,	both	species	molt	during	the	transition	to	winter	phenotypes	
(Bilbo	et	al.	2003,	Kuhlmann	et	al.	2003,	Paul	et	al.	2007).	All	of	these	results	indicate	that	the	
molecular	regulation	of	molt	phenologies	of	P.	campbelli	and	P.	sungorus	are	highly	divergent.		
Furthermore,	taking	the	differences	in	ecology	and	life	history	of	these	species	may	shed	
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light	on	why	there	is	seemingly	little	overlap	in	the	regulatory	nature	of	winter	phenology	
between	these	two	species.	P.	sungorus	inhabits	an	environment	that	is	seasonally	highly	
variable	and	is	characterized	cold,	snowy	winters.	Non-winter	months	in	the	range	are	typically	
less	harsh	(Ross	1998).	On	the	other	hand,	P.	campbelli	inhabits	large	regions	of	the	Gobi	desert	
and	the	surrounding	region,	which	is	much	more	harsh	than	the	environment	experienced	by	P.	
sungorus.	Although	winters	are	colder	than	the	rest	of	the	year	in	this	area,	the	environment	is	
extremely	arid	and	less	variable	as	there	is	less	consistent	snow	cover	during	the	winter	and	
temperatures	during	non-winter	months	can	still	be	very	cold	(Ross	1995).	
Considering	what	we	found	in	temporal	and	genotype	differential	expression,	there	is	
the	possibility	that	molt	phenology	is	driven	by	upstream	regulation	that	signals	to	the	skin	and	
that	cascading	effects	of	this	signal	in	the	skin	is	are	dampened.	Alternatively,	very	subtle	
expression	changes	in	a	few	genes	in	the	skin	may	ultimately	regulate	molt	phenology.	Both	of	
these	alternative	hypotheses	could	explain	the	surprising	lack	of	expression	differences	
associated	with	phenology	in	the	skin.	
Temporal	differential	expression	in	F1	hybrids	appeared	further	dampened	with	only	
seven	genes	were	differentially	expressed	across	the	timeline.	This	amount	of	temporal	
differential	expression	is	surprisingly	low	compared	to	what	was	found	in	the	parental	species.	
Estimates	for	BCV	show	that	F1	hybrid	biological	replicates	had	slightly	higher	variability	than	
what	was	found	in	the	species.	Additionally,	F1	hybrids	had	fewer	genotype	differentially	
expressed	genes	compared	to	the	parental	species	than	there	were	between	the	parental	
species.	Also,	there	was	greater	correlation	(Spearman)	of	total	expression	between	F1	hybrids	
and	parentals	than	between	the	parentals.	These	results	indicate	that	the	F1	hybrids	may	be	
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expressing	both	parental	haplotypes	equally	or	nearly	equally.	If	there	is	in	fact	equal	
expression	of	both	parental	haplotypes	in	the	hybrids,	this	would	suggests	that	trans-regulatory	
evolution	is	driving	divergence	in	phenology	between	P.	campbelli	and	P.	sungorus.	Intriguingly,	
most	work	throughout	the	regulatory	evolution	literature	suggests	that	adaptive	evolution	of	
gene	regulation	is	primarily	driven	by	cis-regulatory	changes	(Wittkopp	2005,	Wray	2007,	
Wittkopp	2012,	Coolon	2014).	Given	the	contradictions	of	these	initial	observations	with	what	
is	typically	found	throughout	the	literature,	a	more	comprehensive	allele-specific	expression	
analysis	should	be	conducted	to	definitively	say	whether	this	is	the	case	or	not.	
	
Conclusions	and	Future	Directions	
	 This	is	the	first	study	to	understand	the	genetic	regulation	of	seasonal	coat	color	change	
in	an	interspecific	comparative	framework.	While	there	were	no	clear	pattern	of	phenology	by	
examining	temporal	differential	expression	within	either	species,	we	were	able	to	draw	some	
qualitative	conclusions	regarding	regulation	of	skin	phenology	and	divergence	in	phenology	
between	P.	campbelli	and	P.	sungorus.	In	particular,	our	data	suggest	that	skin	phenology	is	
regulated	by	subtle	changes	over	time	in	a	few	genes	in	both	species.	Likewise,	skin	phenology	
may	be	more	generally	regulated	by	upstream	changes	in	gene	expression	outside	of	the	skin.	
Perhaps	once	this	signal	reaches	skin	cells,	the	induction	of	gene	expression	associated	with	
skin	phenology	is	dampened	and	large,	coordinated	changes	in	expression	are	difficult	to	
detect.	Alternatively,	the	amount	of	noise	between	biological	replicates	or	our	inability	to	
detect	organized	temporal	differential	expression	may	be	implicated	by	the	biology	of	the	
molting	process	in	Phodopus.	Kuhlmann	et	al.	showed	that	the	molting	process	in	P.	sungorus	is	
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a	continuous,	mosaic	process	across	the	organism.	Even	though	I	controlled	for	location	and	
timing	of	sampling	in	this	experiment,	the	fact	that	the	sampling	location	may	or	may	not	have	
included	hairs	currently	in	anagen	or	if	samples	were	at	different	points	in	hair	growth	could	
contribute	to	increased	variation	between	biological	replicates.		
	 Although	these	two	species	have	been	used	to	study	phenology	in	a	comparative	
framework	in	the	past,	this	study	suggests	that	there	is	a	great	deal	of	divergence	in	which	
genes	are	differentially	expressed	at	a	given	time	point	in	the	molt.	Furthermore,	based	on	
greater	differential	expression	and	greater	correlation	in	expression	between	the	F1	hybrids	
and	either	parental	species	than	between	the	two	parental	species,	there	appears	to	be	equal	
expression	of	maternal	and	paternal	haplotypes	in	the	hybrid	hamsters.	This	pattern	suggests	
that	trans-regulatory	evolution	may	be	an	influential	factor	for	the	regulatory	divergence	
between	these	two	species.	It	would	be	worthwhile	to	further	investigate	transcript-wise	allele-
specific	expression	in	F1	hybrids	and	distinguish	between	cis-	and	trans-regulatory	changes	that	
promote	divergent	phenology.	Understanding	the	role	of	cis-	vs	trans-regulatory	changes	is	the	
first	step	in	detailing	regulatory	evolution	and	may	provide	a	priori	predictions	for	specific	
nucleotide	changes	that	lead	to	expression	differences	and	foster	adaptation.	
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